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Abstract 
 
The experimental material consisted of semi-finished products of high-grade, medium-carbon structural steel. The production process 
involved two melting technologies: steel melting in a 140-ton basic arc furnace with desulfurization and argon refining variants, and in a 
100-ton oxygen converter. Billet samples were collected to analyze the content of non-metallic inclusions with the use of an optical 
microscope and a video inspection microscope. The results were processed and presented in graphic form. 
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1. Introduction 
 
Steel  is  the  most  popular  constructional  material.  The 
properties  and  practical  applications  of  all  constructional 
materials,  including  steel,  are  determined  mostly  by  their 
structure. The parameters of high-grade steel are influenced by a 
combination  of  factors,  including  chemical  composition  and 
production  technology.  The  impurity  content  is  also  a  key 
determinant of the quality of high-grade steel. Inclusions may also 
play an important role, subject to their type and shape. Inclusions 
may increase the strength of steel by inhibiting the development 
of  micro-cracks.  One  of  the  most  popular  crack  prevention 
methods involves the formation of a material discontinuity at the 
end  of  the  crack  (e.g.  an  opening  in  organic  glass).  Similar 
techniques may  be  applied  to  steel  [1-4].  Yet  as regards steel, 
non-metallic  inclusions have  mostly  a  negative  effect  which  is 
dependent on their content, size, shape and distribution [5-8].  
The  quantity  and  quality  of  non-metallic  inclusions  is 
determined  mostly  by  the  steel  melting  technology.  Out-of-
furnace  treatment  regimes  are  also  introduced  to  minimize  the 
quantity of non-metallic inclusions [9, 10]. The quantity of non-
metallic  inclusions in  steel  is  relatively  low,  nevertheless,  they 
have  a  significant  impact  on  the  structure,  technological  and 
strength parameters of the resulting alloy. An effective method for 
the complete elimination of non-metallic inclusions has not been 
developed  to  date.  There  are,  however,  various  techniques  for 
reducing the quantity and the size of inclusions and controlling 
the quality of inclusions to minimize their adverse impact on the 
properties  of  steel  [11-14].  The  effect  of  impurities  is  closely 
related to the processes taking place in micro-areas, which is why 
the  size  of  inclusion  particles  significantly  influences  the 
properties of constructional materials. 
 
2. Aim of the study and methods 
 
The objective of this study was to compare the differences in 
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dimensions of inclusion particles, as dependent on various steel 
production processes. 
The  experiment  was  carried  out  in  a  uniform  testing 
environment  with  constant  wire  rod  dimensions  in  all  three 
experimental series and similar quantities of melted steel. The test 
involved  semi-finished  products  of  high-grade,  medium-carbon 
structural  steel  with  the  following  alloy  additions:  manganese, 
chromium, nickel, molybdenum and boron. The impurity content 
of steel was low as phosphorus and sulphur levels did not exceed 
0.025%. 
The  morphology of inclusions is largely determined by the 
metallurgical process. For this reason, the analysis involved semi-
finished  products  manufactured  with  the  use  of  various 
technological processes. The experimental material consisted of 
steel products obtained in three metallurgical processes: electric, 
electric with argon refining and oxygen conversion. In the first 
process,  steel  was  melted  in  a  140-ton  basic  arc  furnace.  The 
metal was tapped into a ladle, it was desulfurized and 7-ton ingots 
were uphill teemed. Billets with a square section of 100x100 mm 
were rolled with the use of conventional methods. As part of the 
second procedure, steel was also melted in a 140-ton basic arc 
furnace. After tapping into a ladle, steel was additionally refined 
with argon. Gas was introduced through a porous brick, and the 
procedure was completed in 8-10 minutes. Steel was poured into 
moulds, and billets were rolled similarly as in the first method. In 
the third process, steel was melted in a 100-ton oxygen converter 
and  deoxidized  by  vacuum  (RH  treatment).  Steel  was  cast 
continuously and square 100x100 mm billets were rolled. Billet 
samples were collected to determine: 
  chemical composition. The content of alloy constituents was 
estimated with the use of LECO analyzers, an AFL FICA 
31000 quantometer and conventional analytical methods; 
  relative volume of non-metallic inclusions with the use of 
the extraction method, 
  dimensions  of  impurities  by  inspecting  metallographic 
specimens with the use of a Quantimet 720 video inspection 
microscope. 
Metallographic  specimens  were  examined  under  400x 
magnification. Sample fragments corresponding to the area of 500 
vision  fields  were  analyzed.  The  relative  volume  of  impurities 
was determined selectively by modifying the lower limit of the 
range determining the dimensions of the investigated inclusions to 
form seven fractions.  
The values of the investigated parameters were determined for 
each  sample.  The  dimensions  of  non-metallic  inclusions  were 
equal to or higher than the adopted boundary values (minimum 
dimensions of the measured particle). The measuring range was 
identical  for  all  heats,  and  it  was  set  based  on  theoretical 
assumptions  and  the  results  of  preliminary  tests.  The  applied 
measuring  ranges  were  2,  5,  10,  15,  25,  35  and  45 m, 
respectively. The above approach enabled to determine the share 
of non-metallic particles at a level higher than and equal to the 
boundary value, e.g. the share of particles measuring d≥5 m was 
determined for a boundary value of 5 m. 
Analytical  calculations  were  performed  on  the  assumption 
that the particles had a spherical shape. It was also assumed that 
the quotient of the number of particles on the surface divided by 
the area of that surface was equal to the quotient of the number of 
particles in volume divided by that volume [15].  
The resolution of the applied microscope did not permit to 
include impurities smaller than 2 μm in the analysis. The number 
of  particles  for  the  microscopically  undetectable  range  was 
determined by chemical extraction where the content of all non-
metallic  particles  was  identified  in  the  investigated  steel.  The 
particle  content  was  the  difference  between  the  number  of  all 
inclusions and the number of inclusions measured at the lowest 
boundary value of 2 m: 
 
Vd<2  m=Ve – V≥2  m  (1) 
 
where: Vd<2  m – share of particles with a diameter smaller than 
2mm, 
Ve – share of particles determined by chemical extraction, 
V≥2  m – share of particles with a diameter larger than or 
equal to 2 mm. 
 
3. The results of investigations and their 
analysis 
 
The  share  of  non-metallic  inclusions  in  steel  melted  in  an 
electric furnace is presented in Figure 1 for all analyzed ranges.  
Fig. 1. The share of non-metallic inclusions in steel melted  
in an electric furnace for all analyzed ranges 
 
The  average  share  of  fraction  d<2 m  was  50*10
-3%.  The 
obtained fraction ranges point to the highest number of inclusions 
measuring 2-5 m. The share of fraction d≥10 m decreased by 
21*10
-3%  to  reach  65*10
-3%.  The  difference  between  fractions 
d≥10 m and d≥15 m was 35*10
-3 %. Every successive range was 
more than 50% lower than the preceding range (Fig. 1). 
The share of non-metallic inclusions in steel that was melted 
in an electric furnace and refined is presented in Figure 2 for all 
analyzed  ranges.  A  much  higher  number  of  fine,  non-metallic 
particles measuring below 2 m was found at 95*10
-3%. The share 
of the remaining non-metallic inclusions in every fraction range 
also decreased, e.g. the difference between d≥2 m and d≥5 m as 
well as between d≥5 m and d≥10 m was 29*10
-3%. In general, 
every successive range determined in this steel melting process 
was less than 50% lower than the preceding range.  
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Fig. 2. The share of non-metallic inclusions in steel  melted  
in an electric furnace and refined for all analyzed ranges 
 
The  share  of  non-metallic  inclusions  in  steel  melted  in  an 
oxygen conversion after vacuums degassing is presented in Figure 
3 for all analyzed ranges.  
 
Fig. 3. The share of non-metallic inclusions in steel melted  
in an oxygen conversion after vacuums degassing  
for all analyzed ranges 
 
The lowest total share of non-metallic inclusions was reported 
for this steel production technology. The share of fraction d <2 m 
reached  only  39*10
-3%,  and  its  share  in  every  range  was 
approximately 50% lower than in electrically melted and refined 
steel and approximately half that reported in electrically melted, 
non-refined  steel.  The  above  results  clearly  indicate  that 
production technology affects not only the particle size but also 
the share of non-metallic inclusions in steel.  
The  share  of  non-metallic  inclusions  in  steel  melted  in  an 
electric furnace is presented in Figure 4 for all analyzed ranges. 
Particles with a diameter of 5-10 m had the highest share of steel 
produced with the use of this technology (29% of all inclusions). 
Fractions up to 2 m in diameter had a 26% share. It should be 
noted, however, that the latter did not have a significant impact on 
the  properties  of  the  analyzed  material  if  distributed  evenly  in 
steel. According to Kocańda, if distributed evenly, non-metallic 
inclusions larger than 5 m can affect the fatigue strength of steel 
[16].  In  this  type  of  heats,  non-metallic  inclusions  measuring 
d≥5 m had a 121*10
-3% volumetric share of steel (Fig. 1) and 
accounted  for  62%  of  total  inclusions  (Fig.  4).  The  share  of 
d≥25 m particles reached 15*10
-3%, i.e. approximately 7% of all 
non-metallic inclusions.   
 
Fig. 4. The equal share of particles non-metallic inclusions in steel 
melted in an electric furnace  for all analyzed ranges 
 
Fig. 5. The equal share of particles non-metallic inclusions in steel 
melted in an electric furnace and refined for all analyzed ranges 
 
Non-metallic inclusions measuring d≤5 m had a 124*10
-3% 
share of electrically melted and argon-refined heats, accounting 
for 63% of all non-metallic inclusions. Similarly to non-refined 
steel, the share of d≥5 m particles reached 16*10
-3%. An equal 
share of particles with a diameter in the range of 2 m to 5 m and 
5 m to 10 m was reported (Fig. 5). 
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The share of non-metallic inclusions in vacuum degassed steel 
melted  in  a  converter  furnace  is  presented  in  Figure  6  for  all 
analyzed  ranges.  In  this  production  method,  the  share  of  non-
metallic inclusions with a diameter of up to  m was 63*10
-3%, 
accounting for 69% of all non-metallic particles. Particles larger 
than 25 m in diameter had only a 4*10
-3% share of the studied 
steel, i.e. approximately 4% of all non-metallic inclusions. 
 
Fig. 6. The share of non-metallic inclusions in vacuum degassed 
steel melted in a converter furnace is presented in Figure 6 for all 
analyzed ranges 
 
4. Conclusions 
 
Non-metallic  inclusions  in  electrically  melted  and  refined 
steel were reduced in size, while their share of the investigated 
material  remained  similar  to  that  reported  in  non-refined  steel. 
The smallest quantities of non-metallic inclusions were reported 
in  vacuum  degassed  steel  melted  in  a  converter.  The  share  of 
particles with a diameter larger than 5 m was much lower in steel 
samples melted in a converter than in the specimens produced in 
an arc furnace.  
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